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Based on selective pore-opening in the presence of protease, we
have developed a novel signal ampliﬁcation assay for multiple
proteases detection and their inhibition using protein-capped
mesoporous scaﬀolding as the substrate.
Proteases are important enzymes involved in a multitude of
physiological processes, such as protein metabolism, hemostasis,
tissue remodeling, and immune defense.1 Meanwhile, they are
also implicated in many viral and infectious diseases.2 The
up-regulation of these enzymes is always connected with
cancer, inﬂammation, neurodegenerative diseases, arthritis
and atherosclerosis.3 Therefore, they are considered as biological
markers and therapeutic targets for these pathologies. The
development of protease assay and protease targets, such as
protease inhibitors or modulators, is of great importance in the
ﬁeld of clinical diagnostics, drug discovery and nanoscience etc.
Recently, bioresponsive nanomaterials have drawn much
attention for their potential applications in diagnostics and
therapeutics.4 One popular candidate currently available is gold
nanoparticle-based material that aﬀords the super quenching
ability and colorimetric property.4k,5 Recently, we reported a
homogeneous ﬂuorometric method to assay multiple proteases
using a ﬂuorophore modiﬁed peptide–AuNPs conjugate as the
substrate.4k Although promising, it is still a challenging task to
detect many diﬀerent proteases in one sample while retaining
high targeting sensitivity.
Owing to the unique features, such as stable mesoporous
structures, large surface areas, tunable pore sizes and volumes,
good biocompatibility, as well as the facility of surface functiona-
lization, mesoporous silica nanoparticles (MSNs) have draw much
attention in the ﬁeld of industry catalysis, applied biotechnology
and pharmaceutical engineering.6 Recently, the end-capped MSNs
have just been realized by Martinez-Manez et al. for the potential
development of a molecular-recognition and signaling method.7
However, the bio-inspired strategies based on stimulus and ‘zero
premature release’ property of MSNs remain largely unexplored.
To date, very few examples of pore-opening protocols for
sensing applications have been reported.8
Herein, for the ﬁrst time, we demonstrated a universal way
of detection of protease activities using protein capped MSNs,
in which the protein functioned both as the capping agent and
the target of proteases. The sensing mechanism relies on the
strong signal ampliﬁcation: the pores of the MSNs are loaded
with a large amount of dye molecules (rhodamine B, denoted
as RhB), which are only liberated upon analyte-induced opening
of the pores. In this way, there is no need to use tailor-made
peptide sequences/speciﬁc proteases, as well as to design and
change the substrates for other proteases. The detailed working
principle of this system is described in Scheme 1. Glucose oxidase
(GOX) was selected as a model to design and fabricate a
nanoindicator of protease activity. Cofactor ﬂavin adenine
dinucleotide (FAD) was covalently attached on the surface
of MSNs. Deﬂavined GOX (denoted apo-GOX) could be
immobilized on the exterior surfaces of the MSNs through
the speciﬁc interaction with the cofactor.9 Upon the addition
of protease to the system of MSNs, the protein substrate
is cleaved into small fragments and the pores are opened
simultaneously. Thus, protease could act as the stimulus to
release the dye-trapped MSNs, which provides the detection
signal in the stimulus-release process. The dye molecules loaded
in the pores of MSNs are released gradually and the signal of
Scheme 1 (A) Synthesis of GOX capped MSNs. (B) The determination
of protease activities using dye loaded GOX-MSNs.
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dye molecules in the supernatant increases. By observing the
change of the signal, the protease activity could be determined.
To evaluate the eﬀectiveness of the GOX-MSNs (detailed
characteristics are shown in ESI:w Fig. S1–S6, Table S1) as a
protease assay system, protease K was ﬁrstly chosen as a
model protease to induce the release of RhB from mesoporous
nanoparticles. As demonstrated in Scheme 1, the capping
proteins were degraded into pieces in the presence of protease
K, and the pores were opened. The proteolytic digestion of
GOX enabled the loaded dyes to diﬀuse into the solution from
their host. By monitoring absorption of RhB centered at
554 nm, the operation of the protease activity assay system
could be straightforwardly observed (Fig. 1). In the absence of
protease K, the accumulated release amount remained low and
constant, indicating that there was no leakage of dyes. The
results suggested that anchoring the apo-GOX on the surface
of nanoparticles through FAD and apo-GOX speciﬁc inter-
action turned out to be an eﬃcient procedure to cap the pores
of the nanoparticles. However, in the presence of protease K,
considerable amount of dye molecules leaked from the pores.
This resulted from the protease hydrolysis process, in which an
increasing number of caps were cleaved with the increase
of time. After 2 h of incubation, no further increase was
observed, indicating the completion of the digestion. In a control
experiment, dyes release from FAD-MSNs was performed
under the same conditions. The RhB molecules escaped from
FAD-MSNs nanoparticles quickly once the materials were
dispersed in solution. These results further demonstrated that
GOX could be eﬀectively attached on the surface of MSN and
block the pores through the interaction between apo-GOX and
FAD. GOX-MSNs vehicles can release the caged molecules
subsequently after the addition of proteases. The distinct
advantage of this stimulus-release system is the signal ampliﬁcation
process. Only a low concentration of the triggermolecule (protease)
is required to uncapMSN pores and release a large amount of dye
molecules to generate a high signal. The zero premature release and
sign-on properties make this system an idea platform for
protease assay. The ‘‘turn-on’’ signal response guarantees an
easier measurement of low-concentration analyte contrast to
the ‘‘dark’’ background, which not only reduces the likelihood of
false positive signal but also enhances the detection sensitivity.10
The release rate of RhB from the GOX-MSNs system
was dependent on the amount of protease K added (shown
in Fig. S7, ESIw). As expected, with the increase in concen-
tration of protease K, the release rate gradually was enhanced
until a plateau appeared. These results demonstrated that the
proteolytic digestion process could be regulated by changing
the enzyme concentration.
Systems capable of detecting multiple targets are of particular
interest for a number of applications including rapid multiple
samples analyzing and high-throughput drug screening. One of
the advantages of our protein capped system is the ability of
assaying multiple proteases, since the protein caps possess
diﬀerent cleavage motifs. To investigate this validity, diﬀerent
proteases, including protease K, chymotrypsin and trypsin were
used. As shown in Fig. 2, the release amounts of dye molecules
increased with the concentration of protease. And a good liner
relationship was observed at low protease concentrations
(0–100 nM). The typical detection limits of the proteases
calculated by 3s/slope were 0.21 nM, 0.75 nM and 1.5 nM
for protease K, chymotrypsin and trypsin, respectively. The
sensitivity of the system to the proteases tested was consistent
with the number of cleavage sites they recognize in the protein
portion of the conjugates. The predominant cleavage site of
protease K is the peptide bond adjacent to the carboxyl group
of aliphatic and aromatic amino acids with blocked alpha
amino groups. Chymotrypsin preferentially cleaves peptide
amide bonds where the carboxyl side of the amide bond is a
tyrosine, tryptophan, or phenylalanine. These amino acids
contain an aromatic ring in their side chain that ﬁts into a
‘hydrophobic pocket’ of the enzyme. Trypsin will cleave
peptides on the C-terminal side of lysine and arginine amino
acid residues. In the full sequence of GOX, the number of
cleavage sites for the three proteases was protease K >
chymotrypsin > trypsin, which was consistent with our result
that protease K cleaved the GOX fastest. In order to test the
speciﬁcity of this assay system, non-protease protein HSA was
selected as negative control. In contrast to the behavior seen
for proteases where there was a continuous increase in absorption
followed by the addition of protease, addition of HSA caused a
slight absorption change of the dye-loaded GOX-MSNs system
(Fig. S8, ESIw). Gel electrophoresis further demonstrated the
above results. Protease K digested GOX fastest and HSA could
not digest GOX. This result suggested that non-protease proteins
Fig. 1 Release proﬁles of RhB dye from GOX-MSNs under diﬀerent
experiment conditions. [protease K] = 1 mM.
Fig. 2 The accumulated release amounts of RhB loaded GOX-MSNs
upon adding diﬀerent proteases. The measurements were performed at
90 min after adding proteases.
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could not open the pores blocked by GOX. Taken together,
this platform could be used for multiple proteases detection
without further designing and changing the substrates compared
with the assays using tailor-made peptide sequences and speciﬁc
proteases.
As for the importance of inhibitors in the regulation of the
protease activity, screening protease inhibitors has been an
essential subject in human disease research. This simple and
sensitive assay could also be applied in the screening of inhibitors
of proteases. Phenylmethyl-sulfonylﬂuoride (PMSF) and Hg2+
were reported to completely inhibit the enzymatic activity of
protease K.4k Obviously, no increase in absorption was observed
when protease K and PMSF/Hg2+ were co-administered to the
protein-capped MSNs solution (Fig. 3). Taken together, these
results suggest that the unchanged absorption signal is due to the
inhibition of enzymatic digestion of the protein by PMSF or
Hg2+. To further test whether the small molecules are eﬀective
inhibitors against other proteases, chymotrypsin was chosen
due to its high eﬃciency on GOX. Similar results were
obtained, which demonstrated that PMSF could inhibit the
chymotrypsin activity (Fig. S9, ESIw). These results indicated
that the methodology described here provides a simple, sensitive,
and rapid protocol for evaluating the activity of proteases and
screening protease inhibitors.
In summary, we have developed a novel signal ampliﬁcation
assay for multiple proteases detection and their inhibition
using protein-capped mesoporous scaﬀolding as the substrate.
Addition of protease to the substrate solution induces pore
opening with the subsequent release of the entrapped dyes.
Compared with other methods that employ speciﬁc strategies,
the system oﬀers many advantages, including simplicity of
preparation and manipulation. Importantly, this assay, which
involves signal ampliﬁcation, does not require speciﬁc substrate
labeling or complicated experimental steps. Meanwhile,
the approach oﬀers an ideal platform for high-throughput
screening of enzyme inhibitors. Our system is anticipated to
ﬁnd applications in the diagnosis of protease-related disease
and screening of potential drugs with high sensitivity in a high-
throughput way.
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